The safety performance of a 737-mm (29-in.) high open concrete bridge railing was evaluated. The evaluation included four full-scale crash tests, investigating two critical impact locations where structural failure was most likely to occur. Each impact location was evaluated with a single-unit truck and a ballasted pickup truck. The safety performance of the 737-mm (29-in.) high open concrete bridge rail was shown to meet the Performance Level 2 (PL-2) requirements specified in the American Association of State Highway and Transportation Officials (AASHTO) Guide Specifications for Bridge Railings, 1989. 
INTRODUCTION
Open concrete bridge railings (OCBR) are widely used by state highway departments across the nation. These barriers offer many advantages over parapet railing systems including, efficient snow removal and improved drainage. The Nebraska Department of Roads (NDOR) has traditionally utilized a 737-mm (29-in.) high open concrete bridge railing design for Performance Level 1 applications and parapet barriers when higher performance bridge rails were required. In addition to the advantages listed above, the 29-in. high OCBR does not obstruct a driver's view from a bridge and could be installed at a height of 813-mm (32 in.) and still accommodate a pavement overlay. In view of the operational and aesthetic advantages of a 737-mm (29-in.) open concrete bridge railing, NDOR and the
Midwest States Regional Pooled Fund Program requested that the Midwest Roadside
Safety Facility (MwRSF) examine the potential for this barrier to meet the Performance Level 2 standards as outlined in the American Association of State Highway and Transportation Officials (AASHTO) Guide Specifications for Bridge Railings, 1989 (1 ) .
SUMMARY OF PREVIOUS TESTING
Nebraska's standard open concrete bridge railing was successfully tested to NCHRP Report 230 (2) performance standards by ENSCO, Inc. in 1986 (3) . This testing demonstrated that the geometry of the 737-mm (29-in.) open concrete barrier could safely accommodate full-size and mini-size automobiles impacting at speeds up to 96 km/h(60 mph). The bridge rail was then successfully tested according to AASHTO PL-1 standards (4) by the MwRSF. This study demonstrated that the open concrete bridge rail system could safely accommodate pickup truck impacts at speeds up to 72.4 km/h(45 mph).
PL-2 OPEN CONCRETE BRIDGE RAIL DESIGN
NDOR's open concrete bridge rail incorporates a 406-mm (16-in.) deep x 356-mm (14-in.) wide concrete beam mounted on 330-mm (13-in.) high concrete posts. Line posts are spaced 2400 mm (8 ft -0 in.) except near the end of the bridge and expansion gaps. The posts are typically 279-mm (11-in.) wide which allows the face of the post to be recessed 51 mm (2 in.) from the face of the concrete beam. Line posts are 610-mm (24-in.) long while posts at expansion gaps are increased to 914 mm (36 in.) in length.
In an effort to optimize the design of the open concrete bridge rail for use on high volume highways requiring PL-2 bridge railings, several design changes were made following the AASHTO PL-1 testing (4). These included increasing the expansion gap width, post spacing changes, and reduction of longitudinal steel reinforcement. The expansion gap was increased from 76 mm (3 in.) (1) . The extra length was utilized for this testing in order to avoid problems encountered with previous reduced height bridge rail testing wherein a 30.5 m (100 ft ) bridge rail proved to be insufficient to definitively ascertain the barrier's capacity to contain single-unit trucks (5) . In that test, the truck rolled onto the barrier and slid along the top of the barrier for an extended distance in what appeared to be a "neutral equilibrium" situation. Although the vehicle then righted itself when it came to the end of the bridge rail, there was some concern that the vehicle could have rolled over the bridge rail if the test installation had been longer. Concrete used for all of the above components was a Nebraska 47-BD concrete mix, with a required 28-day minimum compressive strength of 24.1-MPa (3,500 psi) compressive strength. The concrete compressive strength for the simulated bridge deck with monolithic concrete posts, and the attached rail was approximately 49.7 MPa (7,202 psi) and 46.8 MPa (6,765 psi), respectively at the time of the full-scale crash tests.
PERFORMANCE EVALUATION CRITERIA
Performance standards for bridge rails are described in the AASHTO Guide Specifications for Bridge Railings, 1989 (1) . This document requires that Performance Level 2 (PL-2) bridge rails be tested with an 816-kg (1,800-lb) mini-compact impacting at 96.6 km/h(60 mph) and 20 deg, a 2,449-kg (5400-lb) pickup impacting at 96.6 km/h(60 mph) and 20 deg, and an 8,165-kg (18,000-lb) single-unit truck at an impact speed of 80.5 km/h(50 mph) and 15 deg. As mentioned previously, a very similar open concrete bridge rail system with the same effective railing height and shape of railing face had been successfully tested in accordance with the guidelines set forth in NCHRP Report No. 230 (2) . This testing included a mini-size vehicle impacting the barrier under the same conditions as those required by the AASHTO Guide Specifications for Bridge Rails, 1989 (1) . Therefore, this mini-size vehicle crash test was not repeated with the PL-2 bridge railing system. The impact performance of the open concrete bridge rail system was then investigated with four full-scale crash tests.
TEST RESULTS

Single-Unit Truck Tests
The OCBR was tested with two single-unit trucks. The first of these tests involved an 8,165 kg (18,000 lb) truck impacting the bridge rail at a speed of 78.1 km/h (48.5 mph) and an angle of 17.1 deg. This test was designed to examine the effect of the discontinuity at the expansion gap on the barriers performance with single unit trucks. The test vehicle initially impacted the bridge rail 1.5 m (5 ft The bridge rail sustained significant damage in the vicinity of the expansion gap.
As shown in Figure 3 , two major diagonal cracks were found on the front face and top of the rail at Post. No. 4 and a similar crack was observed at Post No. 3. Extensive concrete spalling was also observed at the end of the upstream rail section. Post No. 4 was cracked along the back as well. Although the test vehicle sustained major damage as shown in Bridge rail damage was minor, consisting of only tire marks and superficial concrete spalling as shown in Figure 5 . There was no evidence of cracks in either the posts or the rail. Vehicle damage was also relatively minor as shown in Figure 5 .
Pickup Truck Testing
Two pickup truck tests were conducted on the OCBR to investigate the barrier's Damage to the bridge rail was again limited to minor cracking and concrete spalling as shown in Figure 9 . Vehicle damage is shown in Figure 9 , and did include some occupant compartment damage but it was not as severe as the previous pickup truck testing . Maximum occupant compartment crush, located on the left floor pan area was approximately 89 mm (3½ in.) and there was no evidence of dash board deformation. 
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